Kinetic studies of pesticides in soil are of great importance to know the processes and parameters that govern their fate in the environment. The aim of this study was to evaluate the influence of pH on the kinetic sorption process of four acidic herbicides, clopyralid, fluroxypyr, picloram and triclopyr on an Andisol, characterized by its high organic matter content and acidic pH. The pseudo-second-order model appeared to fit the data better than other models (R 2 >0.999). All herbicides were adsorbed rapidly during the first stage, but their adsorption was affected by pH and their chemical nature. The initial rates of reactions strongly decreased by increasing pH. The initial adsorption rates (h) and the sorption capacity of the herbicides showed the following order fluroxypyr > triclopyr > picloram > clopyralid. At pH 4.0 the maximum amounts of fluroxypyr, triclopyr, picloram, and clopyralid adsorbed were respectively 75.2, 69.7, 40.5 and 11.7 %. The application of Elovich and Weber-Morris models suggests that mass transfer through the boundary layer and to a lesser degree intra-particle diffusion, control sorption kinetics, which appeared to be influenced by pH and chemical nature of the herbicides. The results obtained in this work suggest that soil pH and acidic character of herbicides could strongly affect the bioavailability of these herbicides on soil and their potential leaching.
Introduction
Clopyralid, fluroxypyr, picloram and triclopyr are widely used in post-emergence to control broadleaf weeds in cereals, pastures and many other crops.
They are systemic herbicides absorbed by the foliage and roots of plants. They are acidic herbicides with low pK a values (Table 1) , and are then present in the anionic form within the pH range of soils and the environment (Tomlin, 1995; PPDB, 2013) . Based on their chemical properties, there is a high risk of leaching to groundwater being these herbicides moderately toxic to animals (Cessna, 2002; AntunesKenyon and Kennedy, 2004; Palma et al., 2004; Messing et al., 2011; Lazartigues et al., 2013; Ulen et al., 2014) .
They are weakly sorbed in soil through hydrophobic interactions and hydrogen bonding onto soil organic matter (OM), along with other suggested mechanisms for soils with low OM content (Kah and Brown, 2006) . In general, it was established that the OM content and pH are the most important factors (but not independent) which affect sorption in soils, Furthemore, many authors have demonstrated that the adsorption of neutral molecule is largely influenced by the OM (Delle, 2001; Kah and Brown, 2006; Bukun et al., 2010; Assis et al., 2011) .
Andisols are volcanic soils that are widely distributed around the world. They are variable surface charge and acidic pH soils, high in OM and allophane content. They have a high specific surface area, a low bulk density and high water retention capacity (Escudey et al., 2004) .
Kinetic studies of pesticides in soil are of great importance to determine the parameters and processes involved in their sorption, being of agricultural and environmental relevance.
Sorption studies are usually conducted in apparent equilibrium conditions because that although and initial rapid sorption occurs, it may take a long time before the equilibrium is reached. The interaction of an herbicide with soil is a time dependent process which defines its bioavailability in soil. Sorption kinetic is characterized by a first rapid sorption stage followed by a second slower stage. According to Fernandez-Bayo et al (2008) this process occurs in three stages. The first stage is the diffusion of the pesticide to the surface of the sorbent called film mass transfer or boundary diffusion. The second stage, named particle difussion stage is slower, and is due to the diffusion of the solute within internal mesopores and micropores. The last stage, is the sorption of the solute in the interior surface of the sorbent through mass-action controlled mechanisms and rapid uptake occurs. There are few kinetic studies of pesticides in soil and particularly there are no published papers for these herbicides in Andisols, although studies have been reported for other acidic herbicides in these variables charges soils (Espinoza et al., 2009; Cáceres et al., 2010b) . In this work we use models to establish kinetic parameters and modeling of sorption process, such as hiperbolic pseudo-first-and pseudo-secondorder and Elovich and Weber-Morris model used to describe solute transport mechanisms of organic compounds in soils (Azizian, 2004; Fernández-Bayo et al., 2008; Qiu et al., 2009; Cáceres et al., 2010a Cáceres et al., , 2010b ).
The agronomic management involves urea fertilization before herbicide application with significant pH changes in soils (Campillo and Rodriguez, 1984; Mora et al., 2004; Cartes et al., 2009) . Changes in soil pH under these conditions could strongly modify the sorption process and consequently mobility and degradation of acidic herbicides.
The aim of this study was to evaluate the influence of pH on the kinetic sorption process of four acid herbicide, clopyralid, fluroxypyr, picloram and triclopyr on an Andisol characterized by its high organic matter content and acidic pH. Kinetic parameters were determined using the hyperbolic, pseudo-first-order and pseudo-second-order models and mechanistic aspects were analyzed using the Elovich and Weber-Morris models.
Materials and Methods

Herbicides
The herbicides used were: clopyralid (3,6-dichloropyridine-2-carboxylic acid), fluroxypyr (4-amino-3,5-dichloro-6-fluoro-2-pyridyloxyacetic acid), picloram (4-amino-3,5,6-trichloropyridine-2-carboxylic acid) and triclopyr (3,5,6-trichloro-2-pyridyloxyacetic acid). The analytical standards of herbicides were provided by Chem Service (West Chester, USA). All reagents used were analytical or HPLC grade.
Soil
An Andisol from southern Chile, belonging to the Freire family (38° 50ʾ S and 72° 35ʾ W), which is medial, mesic, Typic Placudands, with a silty loam texture was used (CIREN, 2002) . Soil samples were collected from the surface layer (0-20 cm), air dried, and sieved through a 2-mm mesh and characterized according to the methods described in Sadzawka et al., (2006) . Briefly, the OM content was measured using the Walkley -Black method. The pH was measured in soil suspensions with deionized water at 1:2.5 (w/v) ratio and with 0.01 M CaCl 2 . Cation exchange capacity (CEC) was calculated from the total exchangeable bases (Mg, Ca, K, and Na extracted by 1 M ammonium acetate at pH 7.0) and analyzed by flame atomic absorption spectrophotometry. Table 2 shows the main properties of the Andisol under investigation.
Adsorption kinetics
Duplicate sample of 2.0 g soil were placed in 50 mL centrifuge tubes (polypropylene copolymer), Sorption experiments were repeated twice. For all experiments the final pH was 4, 5 or 6 ± 0.1.
Herbicide analysis
The herbicides were analyzed using a Shimadzu
Prominence HPLC chromatograph LC-20AT with a diode array detector (SPD-M20A), using a prontoSil ) is the intraparticle diffusion rate constant.
Results and Discussion
The effect of pH on the equilibrium between neutral and anionic forms of both herbicides is shown in Table   1 . This relationship, pKa-dependent, is fundamental to understand the sorption processes of these acidic herbicides on soils. Neutral form of each herbicide were present at pH 4.0, but their concentration decreasing by increasing pH. The percentages of neutral forms of clopyralid, fluroxypyr, picloram and triclopyr at pH4 were approximately 1, 7, 2.0 and 50% respectively (Schwarzenbach et al., 2003) .
For these herbicides no kinetics studies are reported in literature. However, some authors ascertained that the adsorption of these herbicides was affected by OM and pH and that these substances were weakly sorbed on OM through hydrophobic interactions and hydrogen bonding (Delle, 2001; Brown, 2006, 2007; Bukun et al., 2010; Assis et al., 2011) . These results are in accordance with some properties of herbicides reported in Table 1, as Kinetic studies carried out on Andisol for metsulfuronmethyl (Caceres 2010a), atrazine (Baez et al., 2013) and diuron (Caceres et al., 2013) have shown similar behavior, with a rapid initial stage followed by a slower second stage to reach an apparent equilibrium over time.
Different kinetic models were applied to the experimental data in order to determine the kinetic parameters and information on the adsorption mechanisms involved ( However, the q max value given by the model differed largely from experimental q maxexp estimated from experimental data at 24 hours (Table 3, clopyralid, which present the lowest h value.
In general, coefficient (1/Y) values for all herbicides were very lower compared con h values and no dependence with pH was obtained Table 3 , 4).
The Weber-Morris model relates q t versus t 1/2 generating straight line that passes through the origin (Equation 5) when the intra particle diffusion process controls the sorption mechanism. C intersect values provide information relate of the thickness of the boundary layer, a larger value meaning a higher boundary layer effect. Table 3 an Table 4 shows the kinetic parameters and OM, respectively define the processes that control sorption kinetic. In Ultisols intraparticle diffusion was the mainly processes. Others studies on the adsorption of atrazine (weak base) and diuron (Baez et al., 2013; Caceres et al., 2013) on Chilean Andisols and Ultisols have shown a behavior similar to that of metsulfuronmethyl in these soils. 
Conclusions
Kinetic studies concluded that a large amount of all herbicides are adsorbed in the rapid first stage, depending on the pH, followed by much lower adsorption in the slower second stage. The kinetic data was found to follow closely the pseudo-second-order kinetic model. In Andisols, characterized by a high content of organic matter is the its main characteristic, the mass transfer across the boundary layer, and, in a lesser degree, intraparticle diffusion mechanisms controlled the adsorption kinetics of the herbicides.The 
